Photooxidation of azo dye Reactive Black 5 (RB5) by H 2 O 2 was performed with a novel supported iron oxide in a batch reactor in the range of pH 2.5 -6.0. The iron oxide was prepared through a fluidized-bed reactor (FBR) and much cheaper than the Nafion-based catalysts. Experimental results indicate that the iron oxide can significantly accelerate the degradation of RB5 under the irradiation of UVA light (l ¼ 365 nm). An advantage of the catalyst is its long-term stability, which was confirmed through using the catalyst for multiple runs in the degradation of RB5. In addition, this study focused mainly on determining the proportions of homogeneous catalysis and heterogeneous catalysis in the batch reactor. Conclusively, although heterogeneous catalysis contributes primarily to the oxidation of RB5 during pH 4.5-6.0, the homogeneous catalysis is of increasing importance below pH 4.0 because of the Fe ions leaching from the catalyst to solution.
Introduction
During the last two decades, Fenton (Walling, 1975) and photo-Fenton (Zuo and Hoigne, 1992; Kiwi et al., 1994) reactions have been the subject of numerous investigations as a kind of advanced oxidation technology (AOT). Their effectiveness results from the fact that the generated hydroxyl radicals (zOH) are highly reactive and nonselective such that they are able to decompose many organic compounds (Halmann, 1996) . But drawbacks in the use of Fenton reactions are (a) they are limited to the acidic pH range, and (b) a large volume of Fe(III)-iron sludge with after the Fenton reaction.
To avoid the obvious limitations, some efforts have been made to develop heterogeneous photoassisted Fenton reaction. For example, Fernandez et al. (1999) successfully prepared Fe 3 þ /Nafion membrane catalyst through a simple ion exchange reaction and employed the catalyst in the photoassisted Fenton degradation of an azo-dye Orange II. Dhananjeyan et al. (2001) prepared Fe 3 þ /Nafion/glass fibers and degradation of azo-dye Orange II at pH 8. However, the Nafion film or glass fiber catalysts have two major disadvantages that significantly limit their practical application in a large scale. One is their low photocatalytic activity due to their low surface area. Another is that the Nafion film is too expensive to be used for a practicle application. So, Feng et al. (2003 Feng et al. ( , 2004 used layered clays such as laponite and bentonite instead of Nafion film. From the Internet, we know that the price of Nafion is higher than 2000 US$/kg while the price of Laponite RD is less than 40 US$/kg (Feng et al., 2003) . But the catalysts are still limited to the acidic pH range and the optimum solution pH is 3.0. Hence, it is necessary to search new lower cost heterogeneous catalysts for the photoassisted Fenton reaction at neutral pH values. He et al. (2002) successfully prepared a-FeOOH and empolyed the catalyst in the photooxidation of azo dye at neutral pH values. The results provide insight to the mechanism of chemical oxidation reactions in which organic compounds are brought into contact with aqueous solutions of H 2 O 2 in the presence of iron oxide particles for treatment purposes or in natural environmental processes. Our research group investigated an iron oxide material which is a by-product derived from our FBR-Fenton (Huang et al., 2000a, b; Chou et al., 1999 Chou et al., , 2001 reactor to treat bioeffluent of tannery wastewater in a dyeing/finishing plant in Taiwan. The results (Hsueh et al., 2005a ) strongly indicate that the iron oxide catalyst exhibits a high activity not only in the discoloration of azo-dye Reactive Black 5 (RB5) but also in the mineralization of RB5 at pH 7.0. Recently, we investigated the effect of low iron concentration (#10 mgl 21 ) in Fenton and Fenton-like systems (Hsueh et al., 2005b) . The results show that that dye decolorization can occur at very low iron concentrations (1 mgl 21 ) in both Fenton -like and Fenton reactions. It was also found that about 30% TOC of 0.1 mmol L 21 azo dyes can be eliminated after 480 minutes of reaction in the presence of 1 mg L 21 Fe 3 þ , and 100 mgl 21 H 2 O 2 at pH 2.5. The results also arouse our interest because the low Fe leaching from the iron oxide catalyst can occur in an acidic environment (Feng et al., 2003) .
The objective of this paper is to study whether the acceleration in the degradation of azo-dye RB5 is caused by the iron oxide catalyst itself or by the presence of Fe ions in the solution owing to Fe leaching from the catalyst in an acidic environment. This study focused mainly on determining the proportions of homogeneous catalysis and heterogeneous catalysis in photooxidation of RB5 by H 2 O 2 .
Methods

Chemicals
Reactive Black 5 (Aldrich), Ferric nitrate [(Fe(NO 3 ) 3 z9H 2 O)] (Sigma), NaClO 4 and H 2 O 2 were of analytical reagent grade and were used without further purification. Deionized and doubly distilled water was used throughout this study. The pH of the solution was adjusted by diluted aqueous solutions of NaOH or HClO 4 .
Preparation of the iron oxide catalyst
A supported novel catalyst, iron oxide on a aluminium oxide grain support, was developed in the following manner. The aluminium oxide grain was provided by Alcoa Chemicals and packed in a FBR as carriers. Organic wastewater, H 2 O 2 (Union Chemical), and FeSO 4 (Merck) were fed continuously into the reactor bottom. The molar ratio of H 2 O 2 and FeSO 4 was 1 : 2. On the surface of aluminium oxide grains, the catalysts were grown for 1 year before the application. The pH of the solution was controlled at 3.5 to prevent Fe(OH) 3 precipitation. The characterization of iron oxide catalysts have been described in our previous study (Hsueh et al., 2005a) . The characterization included SEM micrograph, surface chemical composition, BET surface area, total pore volume and cationexchange capacity. In addition, over 95% RB5 adsorbed onto the catalyst can be desorbed at pH 12.0.
Photooxidation of Azo-dye Reactive Black 5
The photocatalytic activity of the iron oxide was evaluated in the degradation of azo-dye RB5 in water in a batch photoreactor ( Figure 1 ) at room temperature. The irradiation source was a 15 W UVA lamp (UVP BL-15 365 nm) fixed inside a cylindrical Pyrex tube (allowing the wavelengths l . 320 nm to pass). The total volume of the solution was 1200 mL, the initial concentration of RB5 was 0.1 mmol L 21 (except as otherwise specified), and a predetermined quantity of ferric nitrate and H 2 O 2 was dripped into the reactor. The solution pH was measured by using a pH meter (Action, A211). The starting point of the reaction was defined as the time when the UVA light was turned on and a certain amount of iron oxide was added to the photoreactor. To effectively suspend the iron oxide catalyst in the reactor and ensure good mixing, compressed air was bubbled from the bottom to the top of the reactor at a flow rate about 1800 mL/min. Samples were taken from the reactor periodically using a pipe, and were immediately analyzed after filtration by a 0.25 mm syringe filter made of poly-(vinylidene fluoride).
The spectrum of RB5 shows an absorption peak at 591 nm. Therefore, the concentration of RB5 in water was determined by the absorption intensity at 591 nm using a UV-vis spectrometer (Jasco Model 7850). Prior to the measurement, a calibration curve was obtained by using the standard RB5 with known concentrations. In addition, Fe ion concentration was determined by an atomic absorbance spectrophotometer (Hitachi Z-6100).
Results and discussion
Homogeneous and heterogeneous catalytic photooxidation
Many studies have revealed that the solution pH can dramatically influence the heterogeneous photoassisted Fenton degradation of organic compounds and the optimal solution pH is determined to be about 3.0 (Fernandez et al., 1999; Dhananjeyan et al., 2001) . Figure 2 displays the RB5 concentration as a funtion of reaction time when initial solution pH is varied. It can be seen that when solution pH decreases from 6.0 to 2.5, the degradation of RB5 is enhanced markedly. The highest efficiency of iron oxide catalyst was observed at a pH 2.5. It seems that there is not an optimum solution pH in this system. The results are not in good agreement with the above-mentioned studies. To address this issue, the Fe ion concentration in the solution with reaction time was determined by atomic absorbance spectrophotometer, and the result is presented in Table 1 . It is interesting that pH 4.0 divided the Fe ions concentration into two regions. At a pH higher than 4.5, there is no Fe ion in solution, while at a pH below 4.0, the Fe ion concentration increased with reaction time. At the end of reaction, the Fe ion concentrations are less than 1 ppm in solution pH 2.5-4.0. However, our previous study (Hsueh et al., 2005b ) indicated that only 0.1 ppm Fe ion concentration in solution is enough to degrade azo dye. This result causes our interest to understand the effect of Fe ion leaching from the iron oxide in degradation of RB5. To qualitatively evaluate the contribution of Fe ion leaching from the iron oxide to the degradation of RB5, an additional experiment, the degradation of RB5 in the presence of different Fe 3 þ concentrations in solution with reaction time, were conducted, and the result is shown in Figure 3 . The concentration of Fe 3 þ in solution with reaction time was from Table 1 . A careful comparision between the Figure 2 and Figure 3 clearly reveals that the degradation of RB5 comes from two perspectives. One is the catalysis from the iron oxide (hetergeneous reaction). The other is the catalysis from the Fe ions in solution leaching from the catalyst (homogeneous reaction). The color removal of homogeneous and heterogeneous catalytic photooxidation of RB5 at pH 2.5-6.0 is presented in Figure 4 . Clearly, although heterogeneous catalysis contributes primarily to the oxidation of RB5 at pH 4.5-6.0, the homogeneous catalysis is of increasing importance below pH 4.0 because of the Fe ions in solution leaching form the catalyst.
Photooxidation of RB5 under different conditions
The photocatalytic activity of the catalyst in the degradation of 0.1 mmol L 21 RB5 was evaluated under UV irradiation with a wavelength of 365 nm at homogeneous (pH 2.5) and heterogeneous (pH 6.0) reactions. Figures 5A and 5B plot RB5 concentration as a function of reaction time (0-90 mins) under different conditions. Without H 2 O 2 and catalyst but only with 15 W UVA (curve a in Figures 5A and 5B) , the RB5 concentration was hardly decreased, revealing that the degradation of RB5 due to photolysis is very limited. Without H 2 O 2 and 15 W UVA but only with 5.0 g of catalyst/L (curve b in Figures 5A and 5B) , the RB5 concentration declined by approximately 90% and 40% during 90 mins of reaction at pH 2.5 and 6.0, respectively. When the solution pH was adjusted to 12.0, the RB5 concentration in the solution reduced to 89% and 96% of the initial RB5 concentration in 30 mins for pH 2.5 and 6.0, respectively. This results reveal that physical adsorption and desorption occurs between RB5 and catalyst. Without a catalyst but with 14.7 mmol L 21 H 2 O 2 and 15 W UVA (curve c in Figures  5A and 5B) , both the degradation of RB5 at pH 2.5 and 6.0 are very limited and small (, 10%) after 90 mins of reaction. The decrease in the concentration of RB5 may be due to the oxidation by zOH radicals, which were generated by the direct photolysis of H 2 O 2 under UVA. Without 15 W UVA but with 14.7 mmol L 21 H 2 O 2 and 5.0 g catalyst/L in the dark (curve d in Figures 5A and 5B) , at pH 2.5, the RB5 concentration declines rapidly in the initial period and then decreases more slowly, perhaps because of Fe ion leaching from the catalyst, and is then oxidized by the Fenton-like reaction in solution. At pH 6.0, the RB5 concentration declines rapidly, perhaps because of the combined effect of adsorption and the Fenton-like reaction at the surface of the catalyst. RB5 is firstly adsorbed onto the catalyst surface and then oxidized by the Fenton-like reaction. After some of the intermediates are redissolved from the catalyst surface into the solution, the residual RB5 is continuously adsorbed and oxidized. The degradation of RB5 Figures 5A and 5B ). The formation of Fe(II) species by light in solution (pH 2.5) and on the surface (pH 6.0) of the catalyst generates zOH radicals by decomposing H 2 O 2 , accelerating the degradation of RB5 (Fernandez et al., 1999) . The results of both homogeneous and heterogeneous reactions show that the efficiency of degradation of RB5 can be raised about 20% in the prenence of UVA light.
Stability of iron oxide catalyst in multiple runs of photooxidation of RB5
The stability of a catalyst is a key issue for its application, and it is necessary to study the stability of the iron oxide catalyst. If the stability is poor or deactivation of the catalyst is severe, then the catalyst will be useless in a practical industry application. A direct study on the stability of the catalytic activity of the iron oxide catalyst for the photooxidation of RB5 was conducted through mutiple runs using identical reaction condictions. Figures 6A and 6B show the repetitive RB5 degradation in 2.0 h cycles of homogeneous (pH ¼ 2.5) and heterogeneous (pH ¼ 6.0) catalytic photooxidation. Clearly, no obvious decativation of the catalyst in successive cycles was observed when compared with the first cycle, which indicate that the catalyst has an excellent long-term stability even at pH 2.5. Although for the most part, degradation of RB5 at pH 2.5 was attributed to the Fe ion leaching from the catalyst, the catalyst still has long-term stability because the Fe ion leaching from the catalyst is very low. 
Conclusions
A novel iron oxide catalyst was developed for the photooxidation of azo dye RB5. The degradation of RB5 comes from two perspectives. One is the catalysis from the iron oxide (hetergeneous reaction). The other is the catalysis from the Fe ions leaching form the catalyst to solution (homogeneous reaction). Conclusively, although the homogeneous catalysis is primarily below pH 4.0, heterogeneous catalysis contributes increasing importance to the oxidation of RB5 at pH 4.5 -6.0. It has been found that the presence of UVA light, both for homogeneous and heterogeneous reactions shows that the efficiency of degradation of RB5 can be raised about 20%. In addition, this catalyst not only has an excellent long-term stability in heteregenous reaction but also in homogeneous reaction.
